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ABSTRACT
The synthesis of a covalently linked cyclodextrin 
dimer, N,N'-bis-(3-deoxy-beta-cyclodextrin)-ethylenediamine 
(16) was developed. The cyclodextrin-2,3-epoxide (14) was 
reacted with ethylenediamine to form the C-3 
amino(ethylamino) derivative (15). The amine derivative (15) 
was reacted with the cyclodextrin-2,3-epoxide (14) to 
produce the singly linked species (16). This cyclodextrin 
dimer (16) should promote dimerization and cross- 
cycloaddition in photoreactions of substituted anthracenes.
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SYNTHESIS OF N,N'-BIS-(3-DEOXY-BETA-CYCLODEXTRIN)- 
ETHYLENEDIAMINE AND POTENTIAL PHOTOCHEMICAL APPLICATIONS
I. Introduction
Research in the area of inclusion compounds has
increased within the last twenty years. Interest is due in
part to their modeling of enzyme action. In addition,
inclusion compounds have recently been utilized as organized
media in photochemical reactions where they can control,
1modify or enhance chemical reactivity. These compounds are 
also used in laboratories, industry, and homes as ion exc­
hangers, catalysts in chemical reactions, or microencap­
sulating agents for sensitive, reactive, and aromatic 
substances.2
Selectivity of chemical reactions is a major concern 
in organic chemistry. Typically, a general organic reaction 
involves the attack of a reagent on a substrate found ran­
domly in solution. Any selectivity that results in the final 
product is a result of the reactivity of a particular group 
on the substrate or reagent (electronic factor) or blocking 
of certain approach directions on the substrate (steric 
factor). In effect, the substrate and reagent have complete 
three-dimensional mobility, and only random collisions in 
solution allow for reactions to occur. In contrast, 
biological systems display a high degree of selectivity.
-2-
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Typically, enzymes bind specific reagents and orient them
toward the substrate in a particular manner such that a
desired product results. Instead of three-dimensional motion
as in isotropic solution, there is motional freedom only in
the direction of the reaction coordinate (i.e.,
1 3unidimensional). ' Enzyme catalyzed reactions are 
stereoselective, regioselective, selective in the choice of 
substrates, and selective in the type of reaction performed.
The most important property of inclusion compounds 
is the ability of a "host" to bind a "guest" in a cavity on 
the "host" without the formation of any covalent bonds. Many 
enzymes function in a similar manner; thus, inclusion 
compounds can be used as models of enzyme action. The reac­
tion media is quite important in any chemical reaction. It 
can be a factor in determining rate of reaction, product 
distribution, and stereochemistry. Inclusion compounds can 
be used to organize the reactants and thereby impart some 
selectivity in the resultant products. In addition to 
inclusion compounds, other media such as micelles, zeolites, 
microemulsions, and liquid crystals may also be used to 
impart organization in reactions.
Cyclodextrins are a commonly used inclusion agent
(Figure 1) . Their potential for thermal reactions has been
4 . . .realized and their use m  photochemical reactions is only
1now being explored. Derivatized cyclodextrins have been 
synthesized specifically to model enzyme processes such as 
transamination,5'6 and enzymes such as chymotrypsin,7 '8
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. . . 9 . 10penicillinase, and colinesterase. Examples of reactions
Figure 1 
beta-Cyclodextrin
rO
-^glucose^-
HOCHj
nY_ /n
OH
catalyzed by cyclodextrin and its derivatives will be 
provided later. In order for cyclodextrins to serve as 
useful enzyme models, they must exhibit some of the impor­
tant characteristics of enzyme-catalyzed reactions. Such a 
model system would exibit catalytic effects which vary in a 
predictable manner depending on the substrate. The catalysis 
should result from a known reactive group or groups, and the 
structure of the catalyst should be known. Catalytic effects 
should result from the prior complexation of the substrate. 
Stereochemical aspects of the binding and catalysis should 
be easily explained by the geometry of the catalyst and 
substrate. Competitive inhibition and nonproductive binding 
should also be sought in a model system since these are 
important charactersitics of enzyme catalyzed reactions. 
Finally, a good enzyme model should perform catalysis fol­
lowing a mechanism similar to those so far known for enzyme 
catalyzed reactions.8b*
page 5
Several problems become apparent when cyclodextrins
are used as enzyme models. First, it has been determined
that the catalytic reactivity of the cyclodextrin hydroxyl
11groups is low at neutral pH's. Second, substrates 
generally enter the cyclodextrin cavity from the secondary 
face. Because the cavity is of fixed size, many molecules 
can "fit" fairly well producing a mixture of products which 
contrasts to the "lock and key" mechanism of enzyme catal­
ysis in which an enzyme binds a specific portion of a 
substrate extremely well and produces only a single product. 
Last, cyclodextrins have only one "active site," while 
enzymes typically have two or more "active sites."
One approach to enhance the catalytic activity of 
cyclodextrins is to prepare either cyclodextrin dimers in
which a catalytically active functional group binds two
11cyclodextrin molecules or covalently link two cyc-
12lodextnns together using a linking molecule. Dimenzing 
or linking two cyclodextrins would create a molecule that 
has two "active sites" in close proximity, similar to 
natural enzymes which generally have two or more active 
sites. Any molecules included inside the hydrophobic cyc­
lodextrin cavities would be forced into close proximity, an 
essential characteristic of enzyme action. Bimolecular 
reactions should be accelerated not only because of the 
proximity of the substrates, but also because of hydrophobic 
recognition between the host cyclodextrins and substrates 
increasing the number of substrates in favourable proximity.
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In addition, some degree of product stereoselectivity should 
be exhibited due to control exerted by the host during the 
inclusion process. Finally, the addition of a second hyd­
rophobic ^ binding site would increase the ability of the host 
to recognize, bind and hold a substrate? thus, increasing 
the likelihood that a reaction would take place and 
therefore increasing the rate of reaction.
Matsui, et al. produced a 1:2 complex between Cu(II) 
and mono- (6-beta-aminoethylamino-6-deoxy) -beta-cyclodextrin 
which significantly accelerates the oxidation of furoin to 
furil in an alkaline solution at pH 10.5 and 25°C (Figure
2) . No mechanism has yet been proposed, however, it is 
possible that not only 02 but also Cu(II) acts as an
Figure 2 
Furoin Inclusion Complex
11oxidant. They also note that the existence of two cyc­
lodextrin cavities in a catalyst is preferable for the rate
4
acceleration to that of only one cavity in a molecule.
Tabushi, et al. synthesized a duplex cyclodextrin,
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di (omega-aminoethylamino)-beta-cyclodextrin, which proved to
have interesting binding characteristics toward guest
12molecules having two hydrophobic recognition sites. They 
investigated the ability of their duplex cyclodextrin to 
bind 6-p-toluidinylnaphthalene-2-sulphonate (TNS-2) (Figure
3) , which was used as a fluorescent probe. TNS-2 is barely
fluorescent in aqueous solutions but fluoresces strongly
- . 13
when adsorbed into certain hydrophobic binding sites.
Figure 3
TNS Inclusion Complex in Covalently Linked Cyclodextrins
H,C
so;
In aqueous solution, TNS-2 has a fluorescence maximum at 480 
nm. In the presence of Tabushi's duplex cyclodextrin, 
however, this maximum shifted to 444 nm. The results of the 
Tabushi, et al. experiment (Table 1) suggest that the large 
shift is due to the hydrophobic environment of the host- 
guest complex and the loss of rotational freedom that takes 
place when TNS is bound in the cyclodextrin cavities.
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Table 1
Fluorescence Maxima of Cyclodextrin - TNS-2 Complexes
fluoresence
system complex maximum (nm)
* aqueous TNS-2 480
B-CD/ TNS-2 1:1 457
B-CD/ TNS-2 2:1 444
duplex-B-CD/ TNS-2 1:1 444
B-CD = beta-cyclodextrin
Two other covalently linked cyclodextrions have been
prepared. These cyclodextrin dimers utilize succinic acid
[(B-CD)2$] and glutaric acid [(B-CD)3G] as linking groups 
13(Figure 4) . Harada, et al. studied these cyclodextrin 
dimers following
Figure 4
bis-beta-Cyclodextrin Glutarate and Succinate Derivatives
°^C(CH,) C*°iv ZJn i
n
2 (B-COl S
3 (B CDJjG
/
a procedure similar to Tabushi, et al. utilizing 6-p-
toluidinylnaphthalene-6-sulphonate (TNS-6). Thier results
similarly showed the inclusion of TNS-6 and the resultant
13increase and shift m  fluorescence (Table 2).
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Table 2
Fluorescence Properties of Complexes of TNS-6 
with B-CD and B-CD Derivatives
system complex
fluorescence 
maximum (nm)
relative
fluorescence
intensity
B-CD/ TNS 1:1 462 1
2:1 <447 3
(B-CD) G/ TNS 1:1 447 8
(B-CD)^S/ TNS 1:1 447 9
B-CD = beta-cyclodextrin. (B-CD)_G and (B-CD)-S = 
bis-beta-cyclodextrin glutarate and succinate, respectively.
Other substances that may be bound in cyclodextrin dimers in
a manner similar to TNS include methyl orange, 4-
13biphenylcarboxylate, and heptane.
One other attempt at creating a covalently linked
14cyclodextrin dimer has been carried out. Fujita, et al. 
produced a cyclodextrin dimer linked by a disulfide bridge
Figure 5
Disulfide-linked Cyclodextrin Dimer
(Figure 5). Using TNS-6 as a fluorescent probe, they 
discovered that their cyclodextrin dimer had a five-fold
page 10
enhancement of intensity over that exhibited by cyclodextrin 
glutarate and succinate dimers (Figure 5); a 50-fold enhan­
cement over that seen by TNS-6 in water alone. Their cyc- 
lodextrin* dimer showed a maximum at a shorter wavelength, 
43 6 nm, and bound TNS-6 48 times more strongly than beta- 
cyclodextrin .
This project involved the preparation of a bis-beta- 
cyclodextrin using ethylene diamine as the linking group on 
the secondary faces of the cyclodextrins (Figure 6).
Figure 6 
2 -2 Linked beta-Cylodextrin
A secondary-to-secondary linkage should promote dimerization 
and cross-cycloaddition products in photochemical reactions, 
whereas a primary-to-primary linkage should not due to poor 
orientation of the substrates after the inclusion process 
(Figure 7). Linked cyclodextrins should exhibit greater rate 
enhancing effects than cyclodextrin alone in photochemical 
reactions. Rate acceleration will be the result of two
o o o 72 - 2  vs. 1 -1 Linked Cylodextrins
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^  =  SO} or CO}
enzyme-like characteristics that should be exhibited by
linked-cyclodextrins. First, increasing the area of the
hydrophobic recognition site of the host molecule will
strengthen hydrophobic binding. Second, the introduction of
12a second recognition site ("double recognition" ) will 
allow more substrates to be in a favorable position for 
photodimerization.
Synthesis and applications of new modified cyc­
lodextrins may produce catalysts close or even superior to
15those of native enzymes. Other biological phenomena m
which hydrophobic recognition plays a role may also be
modeled, by cyclodextrin derivatives, opening doors for
16future developments in new areas.
1.
2.
3.
4.
5.
6 .
7.
8.
9 .
10. 
11 . 
12 . 
13.
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II. Cyclodextrins: Synthesis, Nomenclature, 
and Physical Properties
Cyclodextrins were initially discovered in 1891 by 
1Villiers as degradation products of starch. It was not
until sometime later that Schardinger elucidated the
definitive structure for these compounds, finding them to be
cyclic oligosaccharides containing from six to twelve
2 3 .alpha (1— >4) linked glucose units, ' with six to eight 
being most common. Because of his elucidation, older 
literature often refer to cyclodextrins as Schardinger 
dextrins. Schardinger also demonstrated that these compounds 
could be obtained by the action of Bacillus macerans amylase 
upon starch.
Enzymatic degradation of starch is the primary means
2-5of obtaining cyclodextrins. Starch is a linear polysac­
charide consisting of alpha(1— 4)-linked glucose units
arranged in a left-handed helix with six glucose units per 
turn. A turn from the helix can be detached through the 
action of cyclodextrin glycosyl transferases which can, in 
addition, link the two ends together forming a cyclic
molecule. Though many organisms contain glycosyl
transferases, a type of amylase, only the enzymes from
3 7 8Bacillus macerans, ' Bacillus megaterium, an alkaline
-14-
page 15
9 . . 10bacillus, Krebsiella pneumoniae M 5 al, and Bacillus
11stereothermophilus have been examined in detail. All
12follow the general scheme:
====> Gn_x + Cyclodextrin (=cyclo-Gx)
The main fractions contain alpha-, beta-, and gamma- 
cyclodextrins (cyclohexa-, cyclohepta-, and cyclooc- 
taamyloses, i. e. , 6, 7, 8 glucose units respectively). The 
relative amounts of the three compounds obtained is deter­
mined by the type of enzyme used and can be influenced by
7 14the addition of organic compounds. ' Recently, two new
cyclodextrin glycosyltransferases found in soil bacteria in
13Ontario were discovered. One of the two enzymes isolated 
produces alpha-cyclodextrin from starch with high 
efficiency,and with high thermostability. The other enzyme 
produces beta-cyclodextrin from potato or corn starch with a 
beta-to-alpha ratio of 5:1 depending on conditions. Since 
the discoverers have not yet applied for patent protection, 
detailed information is not available at this time. The 
glycosyl transferase from another bacteria, Bacillus No. 38- 
2, has proven to be highly suitable for industrial produc­
tion of beta-cyclodextrin. Up to 80% of the starch is con- 
verted to beta-cyclodextrin and the enzyme is active at
extreme biological conditions (80°C and at pH = 6-10) where
14damage by other microorganisms can be prevented. The 
advantages of this type of synthesis is that there is no
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need to add an organic compound (often toxic) to obtain a
12good yield of beta-cyclodextrin.
Cyclodextrins typically contain six to twelve
glucose units per ring because the enzymes never detach 
. . 15entirely specific lengths. Five-membered cyclodextrins are
unlikely due to the inherent ring strain and have never been 
16observed. The important structural features to notice in 
cyclodextrins are their toroidal shape, their hydrophobic 
interior and surface, and hydrophilic faces. Because of the
l
IQ
Molecular Dimensions of Cyclodextrins
Number
Cyclo- of glucose Cavity dimensions (A)
dextrin residues di d2 d3 h
alpha 6 5.6 4.2 8.8 7.8
beta 7 6.8 5.6 10.8 7.8
gamma 8 8.0 6.8 12 . 0 7.8
lack of free rotation about the glycosidic bond, eye-
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lodextrins are not perfectly cylindrical but rather cone
shaped. The primary hydroxyl groups (carbon 6 of the glucose
unit) are located on the narrow side while the secondary
hydroxyl groups (carbons 2 and 3 of the glucose unit) are
found on the wider face. X-ray analysis reveals that the
glucose rings are in the Cl (chair) conformation with the 3-
hydroxyl hydrogen of one glucose unit being hydrogen bonded
. 17to the 2-hydroxyl of an adjacent unit (Table 3) . Other
12physical properties of cyclodextnns have been determined 
(Table 4).
Table 4
Some Physical Properties of Cyclodextrins
Cyclodextrin Mol. wt.
alpha 972 150.5+0.5
beta 1135 162.5+0.5
gamma 1297 177.4±0.5
Temp. Solubilty (g B-cyclodextrin/100 ml solution) in
water ethanol n-propanol glycerol dimethyl dimethyl 
formamide sulfoxide
25°C 1.79 0.1 0.1 4.3 excellent
45°C 3.1 0.1 0.1 0.8
Biochemical properties and toxicity of cyclodextrins
12have also been studied. In general metabolism, cyc­
lodextrins have been found to be metabolised in a manner 
similar to starch, however, much more slowly. Cyclodextrins 
are cleaved by alpha-1,4-glucanohydrase and are resistant to 
the action of amylases from human saliva and typically to 
the action of any amylase which degrades linear polysac-
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charides from their terminus. Degraded cyclodextrins are
metabolized in the same manner as linear starch. Tests on
mice and rats to determine the acute toxicity of beta-
cyclodextrin gave such high LD5Q values that this compound
12 19has been determined to have scarcely any toxic action '
Table 512
Acute Toxicity of beta-Cyclodextrin
LD50[g/kg]
Mouse 
(male and female)
Rat
(male and female)
Oral >12.5 >12
Subcutaneous > 0.9 > 1.5
Intraperitoneal > 0.9 > 1.2
(Table 5) . Oral administration of cyclodextrins has been 
shown to be completely harmless in all tests.
The most interesting property of cyclodextrins is 
their ability to complex a variety of guest molecules with 
only one consideration, the guest must fit entirely or 
partially inside the cyclodextrin cavity. Guest molecules
may range in size from noble gases to fatty coenzyme A
20 . . compounds. If a substrate is too large, it will not enter
the cyclodextrin cavity and no binding will occur. On the
other hand, if a substrate is too small, it will pass in and
out of the cyclodextrin cavity with little apparent binding.
The "best fit" phenomenon is utilized in separating gamma-
cyclodextrin from alpha- and beta-cyclodextrins. It can be
precipitated from aqueous solution with anthracene, while
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alpha- and beta-cyclodextrins will remain in solution
because the anthracene will not effectively penetrate their
20cavities to form an insoluble complex.
A variety of methods are used to produce inclusion 
complexes depending on the guest component. One method 
involves dissolving equimolar quantities or a ten-fold 
excess of water-soluble substances directly in concentrated 
hot or cold aqueous solutions of the cyclodextrin. The 
inclusion compound crystallizes out immediately or upon slow 
cooling or evaporation. A second method must be used to form 
inclusion compounds with compounds that are not water- 
soluble. In this case, the substances are dissolved in 
ether, chloroform, benzene, etc. and then are shaken with or 
layered over or under a concentrated aqueous cyclodextrin 
solution. The inclusion complex will crystallize out at the 
interface or precipitate out of solution. Industrially, 
inclusion compounds are produced using the kneading proce­
dure. The liquid or dissolved guest component is added to a 
slurry of cyclodextrin and two to five times as much water.
After stirring in a mixer, the paste can be dried, powdered, 
12and washed.
The practical application of cyclodextrins has 
increased within the last decade. Bound to polymers, cyc­
lodextrins make excellent materials for column chromatog­
raphy. Cyclodextrins, especially cyclodextrin polymers, have 
the ability to resolve some racemates by means of complex 
formation. The most important application of cyclodextrins
page 20
is micro-encapsulation. Any molecule included in a cyc­
lodextrin cavity is effectively isolated from its environ­
ment. The applications of included compounds is tremendous. 
Inclusion compounds have been utilized in areas including 
stabilizaton of light- or oxygen-sensitive substances, 
fixation of volatile substances (e.g., storage and handling,
especially in the case of toxic substances, can be
improved), modification of the chemical activity of guest
molecules, and modification of the physicochemical
properties of guest molecules (e.g., substances insoluble or
12sparingly soluble can be made more soluble). Currently the 
price of alpha- and beta-cyclodextrin is prohibitive for 
industrial purposes, however, recent advances in the syn­
thesis of cyclodextrins may increase the availability of
these compounds and in turn, provide even more 
13applications.
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III. Cyclodextrins as Models for Enzyme Catalysis
Research in the synthesis of artificial enzymes has 
increased steadily over the last two decades. Enzyme 
catalyzed reactions are stereoselective, regioselective, 
rapid, and typically produce one product in high yield. In 
contrast, most organic reactions produce a mixture of 
products and often the desired product is found in low 
yield. Producing artificial enzymes could greatly enhance 
many areas of chemistry.
Natural enzymes are proteins made up of many amino
acids and are typically much larger than the molecules with
which they interact. Enzymes utilize hydrophobic pockets or
clefts to bind substrates, inhibitors, activators, or other
substances through hydrophobic interaction. Catalytic groups
of the enzyme are held nearby so that they can interact
effectively with the bound substrate molecules resulting in
extremely fast reaction rates. Substrate recognition is an
important feature of enzyme catalyzed reactions. A cleft or
pocket seems to be a stronger recognition site than a simple
plane. Larger surface area contact appears to enhance
"destruction" of a water assembly around the substrate 
1
molecule. The formation of a cyclodextnn-guest complex
-23-
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strips a guest molecule of its water assembly in a manner
similar to enzyme action. For example, a hydrocarbon-like
molecule found in aqueous solution is surrounded on all
exposed surfaces by a water assembly. Entropically, this
situation is very unfavorable and the molecule will tend to
reduce these water assemblies by making contact on its
surfaces with other hydrocarbon-like molecules. Many
hydrocarbon-like molecules, when added to a cyclodextrin
solution, will drive out the water found in the cyclodextin
cavity and occupy the cavity themselves. Often no water
remains in the cavity and the guest is in van der Waals
contact with the cavity wall. This effect, called hyrophobic
interaction, contributes significantly to the hydrophobic
recognition observed in cyclodextrins and is quite similar
. . 1to enzyme substrate recognition.
Cyclodextrins can catalyze a variety of chemical 
2 3reactions (Table 6) . ' The acceleration of phenyl ester
cleavage by beta-cyclodextrin (B-CD) is an excellent example
of enzyme-like catalysis. This system has been investigated
in detail as a great deal is known about the analogous
2biochemical system - ester cleavage by chymotrypsin. The 
hydrolysis rates of a variety of substituted phenyl esters 
in the presence, k(obs), and absence, k(un), of 0.01 M added 
cyclodextrins were studied and the following results for 
beta-cyclodextrin obtained (Table 7).
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Table 6
Reactions Catalyzed by Cyclodextrins
Reactions Substrate f(max) Nature of
catalysis
Ester hydrolysis Phenyl esters 300 K
(asymmetric induction) Mandelic esters 1.4 U
Amide hydrolysis Penicillins 89 K
N-Acy1imidazoles 50 K
Acetanilides 16 K
Cleavage of phosphoric Pyrophosphates >200 K
and phosphonic esters Diaryl methylphosphonates 66 K
Cleavage of carbonates Aryl carbonates 19 N
Intramolecular acyl 
migration
2-Hyroxymethyl-
3-nitrophenyl pivalate
6 N
Decarboxylation Glyoxalate ion 4 N
Cyanoacetate ion 44 N
Oxidation alpha-Hydroxyketones 3 N
f(max)=maximum acceleration factor related to uncatalyzed 
reaction. K,N,U respectively denote that the catalysis proceeds 
via a covalently bound intermediate, does not involve such an 
intermediate, or proceeds via an as yet unknown mechanism.
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Table 7
Hydrolysis Rates of Phenyl Acetates at pH 10.60 
in the Absence and Presence of beta-Cyclodextrin
Acetate ester
Hydroxide 
ion rate, 
k(un) 
10-4 sec-1
[B-CD (0.01 M)] 
k(obs)
10-2 sec-1 k(obs)/k(un)
Phenyl 8.04 0.609 7.6
o-Tolyl 3 .84 0.266 6.9
m-Tolyl 6.96 1.14 16
p-Tolyl 6. 64 0.443 6.7
3,5-Dimethylphenyl 5.80 2 . 64 46
3,4,5-Trimethylphenyl 4.31 3.15 73
m-t-Butylphenyl 4.90 12 .1 250
p-t-Butylphenyl 6. 07 0.135 2.2
p-Methoxyphenyl 7.49 0.298 4.0
p-Bromophenyl 16.4 1.23 7.5
m-Chlorophenyl 19.1 3 .49 18
p-Clorophenyl 15.2 1.55 10
p-Cyanophenyl 47.8 3.61 7.6
m-N itropheny1 46.4 25.0 54
p-N itropheny1 69.4 4.66 6.7
The psuedo-first-order rate constants were determined by 
following the release of phenol spectroscopically at 25+0.2 
C using pH 10.60 sodium bicarbonate buffer, 1=0.2, with 0.5% 
(v/v) added acetonitrile.
Phenyl acetates are best hydrolyzed at pH=ll indicating that
the cyclodextrin attacks the carboxy group of the substrate
nucleophilically with its deprotonated C-2 hydroxy group
2acting as the active species (Figure 8). Other observations
can readily be made. Beta-cyclodextrin causes a definite
stereoselective acceleration of the phenol release from
4substituted phenyl acetates in alkaline solution. Large, 
non-uniform effects are observed in which the rate of phenol 
release from meta-substituted phenyl acetates is greatly
4
enhanced while the phenol release from the corresponding 
para isomers are only slightly enhanced. VanEtten, et al.
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note that the stereoselectivity exerted is independent of
the stability of the complex formed between the cyclodextrin
and guest phenyl acetate and is therefore similar to obser-
4
vations made for enzyme catalyzed reactions. They also note 
that the cyclodextrin system shows spectral changes on 
binding, competitive inhibition, nonproductive binding,
Figure 8
Proposed Mechanism of the Hydrolysis of Phenyl Acetate (S) to 
Phenol (P.) and Acetic Acid (P_) as catalyzed by
Cyclodextrin (Cj.
R
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and saturation of the substrate with cyclodextrin. VanEtten, 
et al. also propose a reaction scheme that accomodates these 
facts,
C + S ====> [C-S]----- > P1 + C-P2 -- > C + p 2
where cyclodextrin (C) and ester (S) undergo a reversible
association to form a cyclodextrin-substrate complex [C-S]
which may undergo a reaction with rate constant k2 to form
4
phenol P1 and products C-P2 . The covalent intermediate C-P2
can be hydrolyzed according to k3 to give cyclodextrin and
2 ■the end product.
Explaining these data involves making two 
assumptions. First, the substrate penetrates the cyc­
lodextrin cavity axially via the secondary face. This 
assumption can be supported by the fact that the primary 
hydroxyl groups are relatively flexible and can easily block 
entrance to the primary face. The secondary hydroxyl groups, 
however, are located on the glucose carbon-carbon backbone 
and are relatively inflexible. Corey-Pauling-Koltun (CPK)
scale molecular models tend to support the assumption that
4inclusion occurs via the secondary face. In addition, 
significant NMR studies show similar evidence for inclusion. 
In the case of the para substitution, it must be assumed 
that the orientation of the acetate group is largely axial 
(Figure 9) . When the substituent is meta, the acetate group 
is brought in the vicinity of the ring formed from the
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hydrogen bonds between 0(2)H and 0(3)H so that a sterically
2favorable interaction can take place.
Figure 9
Comparison of How o-, m-, and p-Phenyl Esters Occupy the
Cyclodextrin Cavity
,c=o
Para
X
Meta
C = 0
Ortho
A comparison of the cyclodextrin system with chymot- 
rypsin yields many similarities. The first catalytic step 
(production of phenol) is comparable for both systems. 
However, cyclodextrin shows optimal activity at the strongly 
alkaline pH=ll, while enzymes typically are active in a more 
neutral range of pH=7-8. Hydrolysis of C-P2 (step k3) is 
rapid for the enzyme but can be up to 100 times slower than
formation of C-P2 (step k2) for cyclodextrin, depending on
2 . .the substrate. Chymotrypsm is specialized to perform
hydrolysis of esters, cyclodextrin can accelerate not only 
ester hydrolysis, but many other reactions. Because of its
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similarities to enzyme action, cyclodextrin can be utilized 
as a enzyme model, however, it is still a poorer binding 
site than most enzymes partly because it a limited surface
area with which it can bind a given substrate and therefore
. . . 1 2  4cannot be considered an ideal artificial enzyme. ' 7
Modified cyclodextrins have been synthesized in
order to make cyclodextrins behave more like natural
5 . . .enzymes. Often the C-2 or C-3 hydroxyl group is modified
placing a catalytic group or second recognition site on the 
cyclodextrin secondary face. Breslow, et al. created a 
modified cyclodextrin with a pyridoxal group substituted at 
C-3, which proved to be a good mimic of transaminase
g
enzymes. In the transamination process, a ketoacid reacts
with the coenzyme pyridoxamine phosphate to form an imine
which then undergoes a shift of protons to form a new imine
7 . . . .  . .structure. When this imine is hydrolyzed, a amino acid is
produced and the coenzyme is present in its aldehyde form as
pyridoxal phosphate. Pyridoxal phosphate can then react with
a second amino acid to regenerate pyridoxamine phosphate and
convert the amino acid into its alpha-keto form. In the
overall pathway, a keto acid and an unrelated amino acid
6“8interchange amine functionality (Scheme 1).
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Scheme 1
Transamination: Step 1- A Ketoacid Converted to a Amino Acid
o
I
R-C-C02H
R—C— CO,H
NH
CHCH
HO.HO.
H.C
R-C-C02H
CHCH
HO.HO
Approximately 3 0 different enzymes are known which catalyze 
the transamination process, and each is reasonably specific 
as to which amino acid/keto acid interchange 
funtionalities.
It has been shown in simple model systems that 
pyridoxal (with or without its phosphate group) and 
pyridoxamine can perform all their metabolic functions 
without the presence of an enzyme. However, the characteris­
tic selectivity and accelerated rates of enzymatic processes
6 9are not exhibited. ' Transaminating enzymes help bind 
specific substrates in cooperation with the covalent binding 
carried out by the coenzyme. In addition, the enzyme helps 
to catalyze the steps of the process by accelerating the 
formation and cleavage of the Schiff bases which are
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produced so that substrates can be bound rapidly and
products rapidly formed. Finally, transaminating enzymes
provide catalysis to assist the proton transfers involved in
the isomerization of ketimines to aldimines which is the
6 7rate determining step in transamination (Scheme 2) . '
Scheme 2
Transamination: Step 2 - Enzyme Catalyzed Conversion of a
Amino Acid to a Ketoacid
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Breslow, et al. proposed that by incorporating catalytic 
groups to accelerate the proton transfer steps, they could 
produce better and more selective catalysts. One attempt
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involved attachment of a pyridoxal amine group to the 
primary (C-6) and secondary (C-3) side of cyclodextrin 
through a thioether linkage (Figure 10 and Figure 11). They 
expected that these cyclodextrin derivatives would 
accelerate the transamination (reductive amination) of keto 
acids carrying hydrophobic substituents, in particular, 
indolepyruvic acid and phenylpyruvic acid.6
Figure 10
Primary Pyridoxal Amine beta-Cyclodextrin Derivative
CH
S
Figure 11
Secondary Pyridoxal Amine beta-Cyclodextrin, Derivative
CH2NH2
CH OH
CH
An evaluation of the Breslow experiment shows beta-
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cyclodextrin definitely exhibiting enzyme type charac­
teristics. First, rate acceleration for the conversion of 
indolepyruvic acid to tryptophan and phenylpyruvic acid to
Table 8
Comparison of Rates of Transamination in Catalyzed vs.
Uncatalyzed Conditions
pyruvic 
acid to 
alanine 
f (max)
indolepyruvic 
acid to 
tryptophan 
f (max)
phenylpyruvic 
acid to 
phenylalanine 
f(max)
pyridoxal amine 1 1 1
C-6 beta-cyclo­
dextrin pyridoxal 
amine derivative 1 12 15+2
C-3 beta-cyclo­
dextrin pyridoxal 
amine derivative 1 2 0 20
f(max) = maximum acceleration factor related to uncatalyzed 
reaction. Studies were done on solutions 0.5 mM in the 
ketoacid and in the pyridoxal amine derivatives with a 2.7 M 
phosphate buffer of pH 9.3.
phenylalanine are much faster than the same conversions 
carried out in the presence of pyridoxamine only (Table 8). 
In addition to accelerating the rate of reaction, the 
pyridoxal amine cyclodextrin derivatives are selective in 
the substrates with which they interact. As seen in Table 7, 
there is no rate acceleration for the conversion of pyruvate 
to alanine. This effect is mainly due to the lack of a 
hydrophobic substituent on pyruvic acid and therefore the 
lack of substrate "recogniton," much like that seen in
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enzyme catalysis. Finally, stereoselective product formation 
is evidenced. Because cyclodextrin is chiral, its chirality 
is expressed in the products. However, this expression is
g
neither predictable nor reliable. The pyridoxal amine-C-6- 
cyclodextrin derivative has a 5:1 preference for the 
naturally occurring L-enantiomer in the conversion of 
phenylpyruvic acid to phenylalanine and a 2:1 preference for 
the L-enantiomer in the conversion of indolepyruvic acid to 
tryptophane. The pyridoxal amine-C-3-cyclodextrin 
derivative, however, shows no selectivity in the formation 
of phenylalanine and a 1.8:1 preference for the D-enantiomer 
in the formation of tryptophan.
Modified cyclodextrins serve much better as enzyme 
models than cyclodextrin alone. The synthesis and 
application of artificial enzymes is a field still in its 
infancy. It is clear that with better molecular design of 
catalytic groups, large rate accelerations comparable to 
those in enzymatic processes could be achieved. Novel 
chemical processes may be developed through the study of 
enzymatic reactions making it possible to achieve selec-
g
tivity of products not seen outside of natural processes. 
The study of artificial enzymes, specifically those incor­
porating cyclodextrin, will continue to increase in the 
coming decades as chemists seek to mimic biochemical 
processes in the laboratory.
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IV. Photochemical Application of Cyclodextrins 
as Organized Media
Chemists have long recognized the importance of the
reaction media in chemical reactions. The reaction media is
often a large factor in reaction rate, product distributions
and, product stereochemistry. Recently, several studies have
investigated the the use of organized media to control,
enhance, and modify reactivity, especially in the field of
1photochemistry. Utilizing the order of the medium so as to 
increase the rate and selectivity of chemical processes is a 
major goal of this research. Reactivity is often modified in 
a manner quite similar to enzyme catalysis. Organized media 
inparts constraints upon the reactants, limiting the overall 
number of transitions that can take place and thus limiting 
the number of products formed. A variety of systems 
utilizing micelles, microemulsions, liquid crystals, 
inclusion complexes, amd monolayers and solid phases (such 
as adsorbed surfaces and crystals) have been studied.
Most organic molecules, due to their hydrophobicity, 
will associate in water creating microenvironments with high 
local concentrations of solute and low local concentrations 
of solvent. Hosts, such as cyclodextrins, offer a alter­
native environment. All microheterogeneous systems share two
-37-
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features. First, they provide a hydrophobic pocket into 
which hydrophobic compounds can assemble. Second, they offer 
an interface between a aqueous exterior and a hydrocarbon­
like interior where reactants can be aligned.1 Selectivity 
is a result of the hydrophobic interactions which drive the 
reactants into the hyrocarbon-like hosts while in an aqueous 
solution.
Cyclodextrins have been noted to have moderate
effects on Norrish type I and type II photobehavior. A study
by Turro, Ramamurthy, et al. investigated the photobehavior
of seven phenyl alkyl ketones and alpha,alpha-dimethylphenyl
alkyl ketones'(Figure 12) included in the hydrophobic cyc-
2lodextnn interior.
Figure 12 
Aryl Alkyl Ketones Investigated
Ph
o
J J  -AT
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The type II reaction of phenyl alkyl ketones have been
3 . .studied. It has been established that the 1,4-diradical is
the primary intermediate in the reaction (Figure 13). While 
the alpha,alpha-dimethyl substituted phenyl alkyl ketones
Figure 13 
The 1,4-Diradical
undergo type II processes, they also undergo alpha-cleavage
(type I reaction) . Upon photolysis, ketones 1 and 2 give
cyclobutanols and acetophenone as products of type II
processes, while ketone 3 through 7 give benzaldehyde,
cyclobutanols, dimethylacetophenone, and the corresponding
2olefins through type I and type II reactions (Table 9) . The 
results suggest that inclusion of guest ketones in cyc­
lodextrin does alter the ketones photobehavior when compared 
to their photobehavior in the organic solvents studied. Two 
generalizations can be made from the results of this study. 
First, in the presence of cyclodextrin, type II products 
(ketones 3-7) are favored over type I products. Second, 
ratios of products derived from the 1,4-diradical via cyc- 
lization and cleavage are slightly altered by the eye-
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lodextrin cavity in comparison to the organic solvents 
2studied.
Another study that is closer to the ideas of our 
research, involves the regio- and stereoselective
photodimerization of anthracene derivatives included by
4 . . .cyclodextrins. Photodimerization of 2-anthracene sulfonate
in water yields four dimers in the ratio a 1:0.8:0.4:0.05
(Figure 13) . In the presence of beta-cyclodextrin, however,
5only one dimer is obtained. In the presence of gamma-
cyclodextrin, the relative yields of photodimers obtained is
much the same as those yields exhibited by water alone 
4 . .(Table 10). Similar results are obtained when the guest is
1-anthracenesulfonate (IAS), 1-anthracenecarboxylate (1AC),
4and 2-anthracenecarboxylate (2AC). The cavity size of beta-
cyclodextrin (ca. 7 Angstroms) is too small to include two
guest molecules, however, it is large enough to form a 1:1
complex with IAS, 1AC, 2AS, and 2AC. In high concentrations
-4 —3of guest and host (> 10 and > 1 0  M) , the complexes of
the 2-substituted anthracenes readily self associate to give
2:2 inclusion complexes which are favorable to
4photodimerization. Because gamma-cyclodextnn has a larger 
cavity, it can include two guest anthracenes inside its 
hydrophobic interior. Tamaki, et al. suggest that guest 
molecules are trapped nonspecifically inside gamma- 
cyclodextrin because four isomeric photodimers of an anti­
head-tail (8) , syn-head-tail (9) , anti-head-head (10) and 
syn-head-head (11) conformations are obtained.
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Table 9
Distribution of Phenyl Alkyl Ketone Products Upon Photolysis 
in the Presence and Absence of Cylodextrin
ketone medium E/Ca II/Ib
(1) benzene
tert-butyl alcohol 
aq. B-cyclodextrin 
1:1, 2:1, 3:1 
solid B-cyclodextrin 
1:1
6.5
8.5
4.0, 3.8, 3.8
3.5
(2) benzene
tert-butyl alcohol 
aq. B-cyclodextrin 
1:1, 2:1, 3:1 
solid B-cyclodextrin 
1:1
3.8
5.9
2.9, 2.9, 2.9 
3.1
(3) benzene 0.1 1.2
tert-butyl alcohol 
aq. B-cyclodextrin
0.2 1.8
1:1 0.3 7. 32
solid B-cyclodextrin 0.40 5.3
(4) benzene 0.1 4.2
tert-butyl alcohol 
aq. B-cyclodextrin
0.3 9.0
1:1
solid B-cyclodextrin
0.6 16.6
1:1 0.6 14.0
(5) benzene 0.77 2.97
tert-butyl alcohol 
aq. B-cyclodextrin
3.43 5.00
1:1
solid B-cyclodextrin
7.3 7.17
1:1 12.45 4.87
(6) benzene 0.26 3.29
tert-butyl alcohol 
aq. B-cyclodextrin
0.28 6.00
1:1
solid B-cyclodextrin
0.33 8.1
1:1 0.55 4.9
(V) benzene 0.42 6.85
tert-butyl alcohol 
aq. B-cyclodextrin
0.63 9. 60
1:1
solid cyclodextrin
3.3 8.6
1:1 2.6 2.0
a Id
Ratio of acetophenone vs. cyclobutanol. Ratio of
type II vs. type I product. *
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Figure 13
Photodimerization Products of Anthracene Derivatives 
Included by Cyclodextrins
Table 10
The Inclusion Effects on the Photodimerization of 
2-Anthracene Sulfonate
Guest Host Guest:Host 
Stoichiometry
Quantum Yield 
of Photo­
dimerization
Relative Yields 
of Photodimers 
obtained 
(8:9:10:11)
2 AS none
B-CD
G-CD
1 : 1 & 2 : 2 
2 : 1
0.05 1 
0.3 1 
0.5 1
: 0.8 : 0.4 : 0.05 
: 0.01: - : - 
: 0.9 : 0.3 : 0.05
2AS = 2-anthracene sulfonate. B-CD = beta-cyclodextrin. G-CD = 
gamma-cyclodextrin.
Though the relative yields of the four possible photodimers 
are quite similar to that found in water alone, the
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photoreaction in the presence of gamma-cyclodextrin is
4
greatly accelerated.
Interest in the use of cyclodextrins as organized 
media in photoreactions will continue to grow as the price 
of these compounds goes down. Their ability to include 
hydrophobic compounds in aqueous solution make these 
compounds especially attractive for reactions in which 
organic solvents can interfere with product formation. The 
synthesis of cyclodextrin derivatives designed specifically 
to catalyze photoreactions where some type of stereochemical 
control is necessary will open up new areas of synthetic 
photochemistry.
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V. Experimental
General
Infrared spectra (IR) were recorded on a Perkin-
Elmer 132 0 spectrophotometer. Melting points were obtained
1on a Fisher Digital Melting Point Analyzer (Model 3 55). H
13 . . .NMR and C NMR were obtained on a V a n a n  FT-80A instrument.
Chemical shifts are reported in delta units downfield from 
tetramethylsilane.
3-Nitroohenvl tosvlate (12)
Stir a mixture containing equivalent amounts of m- 
nitrophenol (Aldrich Chemical Co.) (2.85 g, 0.0205 mol), 
recrystallized p-toluenesulfonyl chloride (3.90 g, 0.0205 
mol), and 10% aq. NaOH (0.83 g, 0.0205 mol) for 5-6 hours at 
room temperature. Extract tosylate (12) from the mixture 
with diethyl ether and wash with 5% aq. NaOH. Concentrate in 
vacuo to obtain crude tosylate (12). Purification may be 
carried out by precipitation from acetone with water to 
obtain pure tosylate (12) in ca. 21% yield. Purity may be 
checked by thin layer chromatography (silica gel on plastic
-45-
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(Aldrich Chemical Co.), 1:1 pentane: methylene chloride, R^
= 0.5). Physical data for tosylate (12) is as follows. IR 
(in cm-1) 1530, 1350, 1190, 1170, 830. m.p. 111.3°C.
beta-Cvclodextrin-2-tosvlate (13)
Two separate synthetic routes to tosylate (13) were
attempted following the procedures of Breslow and
.2 .Murakami . Breslow procedure: stir beta-cyclodextnn (12.00
g, 0.0106 mol) (Aldrich Chemical Co.) with one equivalent 
(3.10 g, 0.0106 mol) 3-nitrophenyl tosylate (12) in 120 ml 
DMF at 60°C. Slowly add 72 ml of 0.2 M carbonate buffer 
(sodium carbonate or potassium carbonate)(pH = 9.9). Stir 
mixture at 60°C for 1-2 hours, allow to cool, and neutralize 
with 1 N HC1. Add 1 L acetone to precipitate beta- 
cyclodextin derivatives other than tosylated beta- 
cyclodextrin. Filter, distil DMF/water filtrate under 
aspirator pressure almost to dryness and add 1 L acetone to 
precipitate crude tosylate (13) in ca. 10% yield. Murakami, 
et al. procedure: dissolve beta-cyclodextrin (2.27 g,
0.0020mol) in 50 ml 10% v/v benzene/DMF solution and heat to 
remove water by azeotropic distillation. Add dibutyltin 
oxide (1.25 g, 0.0050 mol) (Aldrich Chem. Co.) and heat to 
110-120°C under for 2 hours. Cool to 0°C. Add triethyl 
amine (0.63 g, 0.0060 mol) (distilled) and then add dropwise 
a solution of recrystallized toluenesulfonyl chloride (1.03 
g, 0.0035 mol) in 25 ml DMF. Stir mixture at room tern-
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perature for 15 hours. Distil DMF/benzene mixture nearly to 
dryness. Add 250 ml acetone to the yellow syrup to 
precipitate out beta-cyclodextrin and derivatives. Collect 
precipitate by filtration, wash with acetone, and dry in 
vacuo. Dissolve the dry powder dissolved in water (ca. 10 
ml) , filter, and purify by column chromatography. Sephadex 
G-15 gel (Sigma Chemical Co.) may be used eluting with 
water. However, reverse phase chromatography using reverse 
phase RP-18 silica gel (J.T. Baker Chemical Co.) (100 mm x 
25 mm) is the column material of choice. After eluting with 
250 ml water, 1.45 g (0.0013 mol) beta-cyclodextrin (and 
trace amounts of epoxide (4) ) was eluted with 10% aqueous 
acetonitrile and then, 0.14 g(0.0001 mol) tosylate (13) was 
eluted with 2 0% aqeous acetonitrile. This product was deter­
mined to be C-2 mono-tosylate (13) on the basis of its 
spectra data. Check purity by thin layer chromatography 
(silica gel on glass plates (Whatman Chemical Separation 
Co.), 5:4:3 n-butanol: ethanol: water, vanillin stain, Rf - 
0.8). Yield of pure tosylate (13) is ca. 2% for Breslow type 
synthesis and 30% for Murakami type synthesis. Physical data 
for tosylate (13) is as follows. NMR (80 MHz, D20, 68°C) 
d 2.4 (3H, s) , d 7.25-7.75 (4H, q, J=16 Hz), and charac­
teristic cyclodextrin signals in the carbohydrate region; 
13C NMR (20 MHz, D20, 68°C) 62.2 (C-6) , 72.8 (C-3 ' ) , 75.2,
74.4, 74.0 (C-2, C-3, C-5) , 82.8 (C-41), 83.1 (C-4), 103.8
(C-l), 133.8 (-Ph-CH3), 148.5 (-Ph-S(0)20-).
beta-Cvclodextrin-2.3-epoxide (14):
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Stir a solution of 720 mg (0.5 mmol) tosylate (13) and 
ammonium bicarbonate (1.40 g, 0.0177 mol) in 10.0 ml water 
at 60°C for 4-5 hours. Carry out ion exchange to remove 
ammonium bicarbonate and then purify via reverse phase RP-18 
chromatography using a gradient elution of 10% to 50% 
aqueous acetonitrile. Purity can be checked by thin layer 
chromatography (silica gel on glass plates, 5:4:3 n-butanol: 
ethanol: water, vanillin stain, Rf = 0.6). Yield is
approximately 35-40%. Epoxide (14) may also be obtained in a 
crude mixture with beta-cyclodextrin from the Breslow and, 
to a small degree, the Murakami syntheses of tosylate (13) 
during purification using reverse phase chromatography. 
Physical data for epoxide (14) is as follows. H NMR (80 
MHz, d2°) d 5.10 (1H, s) and characteristic cyclodextrin
signals in the carbohydrate region.
beta-Cyclodextrin-3-amino(ethvlamino) (15)
Four approaches to amine (15) were attempted. Approach 1: 
heat epoxide (14) (1.00 g, 0.0009 mol) in an excess of
ethylenediamine at 100-105°C under N2 overnight. Distil the 
solution to dryness and then add 250 ml acetone to 
precipitate out the crude amine (15). Approach 2: heat
tosylate (13) (1.00 g, 0.0008 mol) in an excess of
ethylenediamine at 100-105°C under N2 overnight. Distil the
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solution almost to dryness and then add 250 ml acetone to 
precipitate out the crude amine (15). Approach 3: remove H20 
from DMF via azeotropic distillation with benzene, 2 hours, 
under N2 . Add tosylate (13) (1.00 g, 0.0008 mol) and
ethylenediamine (1.80 g, 0.030 mol) to the anhydrous DMF. 
Heat to 70°C, 3 hours, under N2 . Remove DMF and unreacted
ethylenediamine to ca. 2 ml by aspirator distillation and 
then precipitate out cyclodextrin derivatives with 2 00 ml 
acetone. Approach 4: add tosylate (13) (1.00 g, 0.0008 mol)
and ethylenediamine (1.80 g, 0.030 mol) mol) to 50 ml water. 
Heat to 70°C and add dropwise NH4HC03 (0.25 g, 0.0030 mol) 
dissolved in 15 ml water. Stir 4 hours. Remove water and 
ethylenediamine by aspirator distillation to ca. 10-15 ml. 
Purification for all synthetic approaches utilizes column 
chromatography. An Amberlite IRA-400 (OH) anion exchange 
column (Aldrich Chemical Company, Inc.) is first prepared by 
eluting with 0.5 M HC1 until eluent shows pH is acidic. The 
column is then eluted with water until the pH is neutral. 
This replaces the strong OH exchange anion with the weaker 
Cl anion. Initial attempts using anion exchange found the 
resin so strong that it deprotonated beta-cyclodextrin 
forcing all beta-cyclodextrin materials to be bound to the 
column. The sample is prepared by dissolving the crude amine 
(15) in a minimum amount of water (ca. 5-10 ml). Dilute 0.1 
M HC1 is added to the sample until pH is neutral or slighly 
acidic. Amine (15) elutes along with beta-cyclodextrin in 
water leaving tosylate anion bound to the resin. The crude
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amine (15) is recovered and water removed to about 5-10 ml.
A cation exchange column using CM-Sephadex (C-25-12 0 Sigma
Chemical Co.) (271 mm x 25 mm) is then prepared by eluting
with 0.5 M NH.HCO^, until the eluent is basic. Water is then 4 3
eluted through the column until pH is neutral. The crude
amine sample is eluted through the CM-Sephadex column with
water. Amine (15) elutes slightly after cyclodextrin and
must be recycled through CM-Sephadex several times to obtain
the almost pure amine (15) . Purity of the product can be
established through thin layer chromatography (silica gel on
glass plates, 5:5:1 7% NH^OH: ethanol: n-butanol, vanillin
stain, R^ = 0.2). Developing with ninhydrin will also show a
spot for the amine (15), but not for beta-cyclodextrin.
About 20% yield was seen for approach 1, ca. 55% yield for
approach 2, a 0% yield for approach 3, and ca. 25% yield for
1aproach 4. Physical data for amine (15) is as follows. H 
NMR (80 MHz, D20, 25°C) 2.85 (2H, t) , 3.1 (2H, t) , 4.9
(anomeric 7H, d), and characteristic cyclodextrin signals in 
the carbohydrate region.
N ,N 1-Bis-f 3-deoxv-beta-cvclodextrin^-ethylenediamine (16)
Heat equivalent amounts of epoxide (14) and amine (15) in 50 
ml DMF at 100°C under N2 overnight. Distil solution almost 
to dryness and then add 250 ml acetone to precipitate out 
crude bis-beta-cyclodextrin (16). Purification of the bis- 
beta-cyclodextrin (16) utilizes recycling CM-Sephadex (C-25-
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120, Sigma Chemical Co.) (271 mm x 25 mm) chromatography.
Thin layer cromatography (silica gel on glass plates, 5:5:1
7% NH40H: ethanol: n-butanol by volume, vanillin stain, =
0.7 and 5:4:3 n-butanol: ethanol: water by volume, vanillin
stain, Rf = 0.5) shows the bis-beta-cyclodextrin (16) to
have a R^ similar to that of beta-cyclodextrin. This
similarity in R^ is consistent with results seen for the
3beta-cyclodextrin dimer produced by Tabushi, et al.. 
Physical data for the bis-beta-cyclodextrin (16) is as 
follows. 1H NMR (80 MHz, D2<3, 65°C) 3.5 (4H, s) , 5.6
(anomeric 14H, d) , and characteristic cyclodextrin signals 
in the carbohydrate region.
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VI. Results and Discussion
Bridging the gap between traditional organic 
chemistry and other fields of chemistry is a major goal in 
current research. Chemistry in non-homogeneous media is one 
area in which this bridging can take place. In our research, 
we intend to to synthesize a singly-linked beta-cyclodextrin 
that should be able to catalyze and control certain classes 
of organic reactions; specifically, the photodimerization of 
substituted 2-anthracenes (see chapter III).
Covalently-linked cyclodextrins should exhibit 
several characterisitics in specific organic reactions. 
Since one cyclodextrin can be considered to be one "active 
site", linking two cyclodextrins would create a molecule 
that has two "active sites" in close proximity, similar to 
natural enzymes which typically have two or more active 
sites. Any compounds included within the hydrophobic cyc­
lodextrin cavities would be forced into close proximity, an 
essential characterisitic of enzyme action. Hydrophobic 
recognition between the host bis-cyclodextrin and guest 
molecules, similar to enzyme-substrate recognition, should 
be seen. The two "active sites" of the cyclodextrin dimer 
could include two substrates and orient them in such a
-53-
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manner that a bimolecular reaction would be greatly 
accelerated. Finally, some degree of product stereoselec­
tivity should be exhibited due to control exerted by the 
host during the inclusion process.
Our proposed synthetic approach in preparing a 
linked-bis-beta-cyclodextrin is outlined in Scheme 3.
Scheme 3
Synthesis of N,N1 -3,3 1 -amino (ethylamino) -bis-beta-cyclodextrin
1 D M F  
BujSnO
A .N t  ,2h r. r
2 E tjN , TsCI 
25° C, 18 hr.
/rT
NH«HCOj 
6 0 °C, 4hr.
13 14
13
N H 4H C O 3 
H,NCH ,CH ;N H, 
H ,0 , 7 0 °C , 3 hr.
15
14+15
D M F . 100°C
24 hr.
16
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Our first step involved the synthesis of beta-
cyclodextrin-2-tosylate (B-CD-2-OTs) (13). Two approaches
1 2 following the procedures of Breslow and Murakami were
studied and compared. The Breslow synthesis utilized 3-
?
nitrophenyl tosylate (12) as the tosylating agent (Scheme
Scheme 4 
Breslow Synthesis of B-CD-OTs
HOCH
l-£glucoseg}-
^  /T\ DMF
S02/ /  \)CH, _0.2M Na.Cn.
\ = /  p H =9.9 3
60°C, 1 hr.
HOCH2
-{glucose g
4) . The reaction is carried out under basic conditions 
pH=9.9 and is similar in manner to the phenyl acetate ester 
hydrolysis (Figure 8) . The nitrophenol portion of tosylate
(12) includes inside the cyclodextrin cavity leaving the 
tosylate portion exposed to the deprotonated C-2 hydroxyl 
group. As noted in Table 7, the hydrolysis rates of phenyl 
acetates is greatly accelerated for meta-substituted 
phenols. Breslow took advantage of this fact and produced a 
meta-substituted nitrophenyl tosylate (12) that gave 3- 
nitrophenol (P.^  product) and the C-2 tosylated cyclodextrin
(13) (C-P2 intermediate) as the desired products.
We found several disadvantages to the Breslow syn­
thesis. First, though Breslow reports a 10% yield of crude
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B-CD-2-OTs, we discovered that after purification of the 
crude B-CD-2-OTs via reverse phase chromotography, we 
actually obtained only a 2-3% yield overall (Table 9). We
Table 9 a
Results from Breslow B-CD-2-OTs syntheses
solvent
reaction 
time (hr.)
main
products % yield
DMF/ 0.2 M 
Na^CO^ buffer 
XpH=9.9)
1 B-CD-2-OTs 
B-CD-2,3-epox 
(unreacted 
3-nph-ts)
1.2
1.5
(67.7)
DMF/ 0.2 M 
Na.CO- buffer 
fpH=9.9)
5 B-CD-OTs 
B-CD-2,3-epox 
B-CD-6-Ots
1.9
DMF/ 0.2 M 
Na-CO- buffer 
fpH=9.9)
24 B-CD-2-OTs 
B-CD-2,3-epox 
B-CD-6-OTs
0.3
3.5
0.3
DMF/ 0.2 M
K2C0B(pH=ll.5)
1 B-CD-2-OTs 
B-CD-2,3-epox 
(unreacted 
3-nph-ts)
2.4
3.4
(45.2)
cl temperature maintained at 60-65 C. 3-nph-ts = 
3-nitrophenyl tosylate.
also discovered that up to 67.7% of the 3-nitrophenyl
tosylate (12) was not reacting. Finally, we found that more
beta-cyclodextrin-2,3-epoxide (B-CD-2,3-epox) (14) was
produced . than pure tosylate (13). This fact is probably
accounted for by the basic conditions of the solvent which
can catalyze the epoxidation of the tosylate.
Recently, Murakami, Harata, and Morimoto developed a
2new methodology for producing tosylate (13) (Scheme 5) . 
They utilize di-n-butyltin oxide, which is known to react
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with trans-1,2-diols to form five-membered dibutylstan-
3nylidene complexes. Moffatt, et al. m  earlier studies
discovered that the stannylidene group serves not as a
protecting group, but rather as an activating group for the
4C-2 and C-3 hydroxyl groups of nucleosides. In addition,
Scheme 5
Murakami, et al. Synthesis of B-CD-2-OTs
hoch
BuzSnO
DMF
100°C
-(glucoseg^ -
HOCHj HOCHz
l-^glucoseg^-
OTs
-(glucoseg)- 
13
they found that it was possible to produce a pure C-2
tosylated nucleoside in 62-70% yield. There is a distinct
preference for reaction at the C-2 hydroxyl group due to the
fact that sulfonyl esters, unlike their carboxylate counter-
4parts, do not undergo "acyl" migration. Murakami, et al.
taking advantage of the fact that the only trans-vicinal-
diols on cyclodextrin are on the secondary face have
reported a 32% yield of B-CD-2-OTs, a superior improvement
2over the yields obtained via the Breslow synthesis. We have 
been able to achieve a similar yield of B-CD-2-OTs making 
only a few modifications on their procedure. Murakami, et 
al. suggest that their procedure may be applicable not only
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to the secondary mono-tosylation of modified cyclodextrins,
but also to secondary modification by electrophiles other
4
than tosyl chloride.
We determined that we had obtained B-CD-2-OTs 
through physical data, specifically thin layer chromatog­
raphy (TLC) and NMR and 13C NMR. The R^ on silica (n- 
butanol, ethanol, water 5:4:3 by volume) was 0.7 for authen­
tic B-CD-2-OTs versus beta-cyclodextrin with a Rf=0.5. A 
mixture of di-tosylated-beta-cyclodextrins (B-CD-di-OTs) was
obtained as a byproduct of our syntheses. The R^ of these
1
di-tosylates was 0.8. The H NMR spectrum of B-CD-2-OTs
shows aromatic protons at 7.25-7.75, which is downfield
1from the corresponding C-6 (primary) tosylate. In addition,
B-CD-2-OTs shows a single signal for the anomeric protons
while the primary tosylate shows one proton shifted 
1
downfield.
Purification was a major problem in the beginning of 
our project. Breslow suggested utilizing Sephadex chromatog­
raphy in order to separate B-CD-2-OTs from B-CD and B-CD-di- 
OTS. We initially utilized Sephadex G-15 gel to purify the 
crude B-CD-2-OTs, however, separation was extremely poor and 
often we obtained a 50% mixture of B-CD-2-OTs and B-CD.
Later literature indicated the use of reverse phase silica
2 5gel to separate B-CD-2-OTs from B-CD and other products. ' 
We found reverse phase chromatography utilizing RP-18 silica 
gel (elution gradient of 0-50% aqueous acetonitrile) to be 
to be a superior means of separating pure B-CD-2-OTs from B-
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CD and other products. After eluting with water, unreacted 
beta-cyclodextrin eluted with 10% aqueous acetonitrile, 
tosylate (13) eluted with 20% aqueous acetonitrile, and then 
a di-tosylated-beta-cyclodextrin mixture eluted with 50% 
aqueous acetonitrile.
We initially produced B-CD-2-OTs in order to obtain 
beta-cyclodextrin-2,3-manno-epoxide (B-CD-2,3-epox) (14). 
Breslow, et al. note that tosylate (13) readily decomposes 
in the presence of weak base to produce the 2,3 epoxide
Scheme 6
Breslow, et al. Synthesis of B-CD-2,3-epox
HOCH, HOCH,
~nt r- NH4HCOi “n F Npn-
OTs 60°C, 4 hr. H H
-(glucoseg)- 
13
-(glucose -^
14
(14) , which can then undergo axial attack by* a nucleophile
(Scheme 6). Diaxial opening of sugar epoxides is an accepted 
phenomena, however, axial attack must occur from inside the 
cyclodextrin cavity. Though an exception to the rule is
possible, it was not seen in eperiments carried out by
6 7Breslow, et al. ' Reaction of the manno-2,3-epoxide (14) 
with a nucleophile is thus expected to produce a C-3 cyc­
lodextrin derivative.
Physical data for the pure B-CD-2,3-epox is dif­
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ficult to obtain due to problems inherent in separating it
from B-CD. The Rf on silica (n-butanol, ethanol, water 5:4:3
by volume) was 0.55 for the epoxide, a difference of only
1
0.05 from B-CD. H NMR confirmed the presence of B-CD-2,3- 
epox with a signal at 5.10 for the hydrogens on C-2 and C-3.
Our main research involved attempts at preparing and 
purifying 3-amino(ethylamino)-beta-cyclodextrin (B-CD-3-en)
(15) . This compound was designed to serve as our linking 
group with a second 2,3-epoxide (14) to form our final 
product, the bis-beta-cyclodextrin (16). We discovered, 
however, that this amine was quite difficult to isolate, 
especially when beta-cyclodextrin was present as an 
impurity.
Initial attempts at purification involved cation 
exchange with DOWEX HCRW-2 H+ (20-50 mesh) resin (J.T. Baker 
Chemical Company). We originally planned for the amine in 
its protonated form to bind to the resin while beta- 
cyclodextrin and derivatives (13) (14) eluted with water.
Unfortunately, the amine (15) eluted in water along with B- 
CD and derivatives (13) (14). Cation exchange did remove
unreacted ethylenediamine from our product mixture.
Our next attempt at purification utilized cation 
exchange chromatography with C-25-120 CM-Sephadex (Sigma 
Chemical Company). We hoped that the properties of this soft 
gel, molecular exclusion and cation exchange, would be 
sufficient to separate the amine (15) from beta-cyclodextrin 
and derivatives (13) (14) . Like cation exchange with DOWEX
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HCRW-2 H+ resin, CM-Sephadex effectively separated beta-
cyclodextrin and derivatives from ethylenediamine, however,
resolution was poor between amine (15) and beta-
cyclodextrin. We found that recycling chromatography was the
most effective means of producing an almost pure amine (15). 
1
Through H NMR we found that our amine (15) was also 
contaminated with tosylate anion or salts. These impurities 
were removed via anion exchange using Amberlite IRA-400 (OH) 
anion exchange resin (Aldrich Chemical Company, Inc.) with 
Cl as the ion exchanged (see V. Experimental).
Later attempts at purification of amine (15) were 
unsuccessful. Use of CM-Cellulose (Sigma Chemical Company, 
Inc.) proved as before to separate only the beta-
cyclodextrin and derivatives from ethylenediamine. Use of 
DOWEX 50W-X12 cation exchange resin (J.T. Baker Chemical 
Company) also seperated only the ethylenediamine from the 
reaction products. Attempts at recrystallization were fruit­
less due to the relatively large amounts of beta-
cyclodextrin found in the product mixture.
We determined the presence of amine (15) through 
TLC. The R^ on silica was 0.0 in one solvent system (n- 
butanol, ethanol, water 5:4:3 by volume) and 0.2 in a second
solvent system (7% ammonium hydroxide, ethanol, n-butanol
1
5:5:1 by volume). H NMR confirmed the presence of the 
ethylene diamine group with two triplets at 2.85 and 3.10 
for the four ethylene hydrogens.
Because of the difficulties encountered in producing
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the cyclodextrin amine (15), only three attempts were made 
at synthesizing the bis-beta-cyclodextrin (16). The cyc­
lodextrin amine (15) used in these attempts was relatively 
pure (approximately 10% or less beta-cyclodextrin impurity). 
Progress of the reaction between the 2,3-epoxide (14) and 
amine (15) could be monitored by TLC on silica (n-butanol, 
ethanol, water 5:4:3 by volume). The amine (15) with a R^ of
0.0 and epoxide (14) with R^ of 0.55 were gradually replaced 
by a spot of Rf = 0.5, similar to that of beta-cyclodextrin 
in the same solvent system. Tabushi, et al. found their 
duplex cyclodextrin (Fig. 3) also had a R^ similar to
Q
beta-cyclodextrin.
Purification involved recycling twice through CM- 
Sephadex. Because TLC showed the same Rf on silica as beta- 
cyclodextrin in a variety of solvents, it was impossible to 
determine the purity of our bis-beta-cyclodextrin. We deter­
mined that we had obtained the bis-beta-cyclodextrin (16) 
1
through H NMR which showed the presence of the ethylene 
group as a singlet at 3.5 versus two triplets seen for the 
amine (15) at 2.85 and 3.10. Integration of this singlet 
versus the anomeric signal showed the presence of two cyc­
lodextrins, 14 anomeric hydrogens, and four ethylene hyd­
rogens confirming the presence of a cyclodextrin dimer 
linked by a single ethylenediamine group.
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VII. Areas for Further Research
In any area of research, there is usually some room 
for improvement or further research. Improving purification 
techniques is a major concern for further research in cyc­
lodextrin chemistry. A major portion of our research time 
was spent in attempts at purifying products. Even then, 
beta-cyclodextrin was found to be a impurity in almost all 
the synthetic steps of our bis-beta-cyclodextrin (16). The 
ability to readily separate beta-cyclodextrin from 
derivatives would greatly increase the amount of time that 
could be devoted to genuine research.
The major goal of our research was to prepare a 
cyclodextrin dimer that would facilitate photodimerization 
and cross-cycloaddition of substituted anthracenes. As noted 
in Chapter IV., 2:1 complexes of beta-cyclodextrin and 
anthracene in aqueous solution produced one product of four 
possible products that could result in the absence of cyc­
lodextrin (Figure 13, Table 10). We propose that our cyc­
lodextrin dimer would include two substituted anthracenes 
and orient them in such a manner that photodimerization 
would be facilitated. Due to the amount of time spent on 
purification, however, we were unable to carry out
-64-
page 65
photolysis studies.
Interest in the area of inclusion compounds will 
continue to increase in the coming decades as chemists seek 
to mimic the abilities of nature. The synthesis of
derivatized cyclodextrins may produce catalysts that rival
enzymes in rate and ability to produce a single product in 
high yields. However, purification techniques must be
improved before pure cyclodextrin derivatives can be
obtained.
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